into account the extra protein (about 2 kDa) from the vector, this value of 44 kDa agreed well with the predicted protein size.
Introduction
Mortierella ramanniana var. angulispora, an oleaginous fungus, accumulates large amounts of Keywords: lipid transport, oleaginous fungi, triacylglycerol biosynthesis. Abbreviations used: BODIPY, boron dipyrrornethene difluoride: C,-DMB-PA. I -palmitoyl-2-[5-(5,7-dirnethyl 6ODIPY)-I -pentanoyll-phosphatidic acid: C,-DMB-PC. I -palmitoyl-2-[5-(5,7-dimethyl B0DIPY)-I -pentanoyl]-phosphatidylcholine: PA, phosphatidic acid: PC. phosphatidylcholine; TAG, triacylglycerol. 'To whom correspondence should be addressed (e-mail kamisaka@nibh.go.jp).
triacylglycerol (TAG) and lipid bodies [l] . T A G biosynthetic enzymes had different subcellular distributions between the lipid-body fraction and the membrane fraction the enzymes catalysing the later steps were enriched in the lipid-body fraction [2] . Lipid bodies enlarged with lipid accumulation to a diameter of about 2-3 pm [3] . T o further elucidate mechanisms of lipid-body formation, we used short-chain fluorescent lipids, which have proved to be valuable tools to study intracellular lipid transport in mammalian cells [4] . Our initial studies indicated that the use of fluorescent phosphatidic acid (PA) and phosphatidylcholine (PC) analogues containing boron dipyrromethene difluoride (BODIPY), l-palmitoy1-2-[5-(5,7-dimethyl BOD1PY)-1-pentanoyll-phosphatidic acid (C,-DMB-PA) and l-palmitoy1-2-[5-(5,7-dimethyl BOD1PY)-1-pentanoyll-phosphatidylcholine (C,-DMB-PC), could monitor lipid-body formation in this fungus [3] . Based on the established system using these fluorescent lipids, the present study dissected the intracellular lipid transport into lipid bodies and revealed regulatory factors for lipid-body formation in this fungus.
Materials and methods
M . ramanniana var. angulispora ( I F 0 8187) was obtained from the culture collection of the In-stitute of Fermentation (Osaka, Japan). Aliquots of cultures (1.5 ml of 42 h culture, about 10 mg of dry cell weight) were incubated with C,-DMB-PA, C,-DMB-PC or radiolabelled lipids in a rotary shaker for microtitre plates (MBSS-500, Marubishi Bioengineering, Tokyo, Japan) as described elsewhere [3]. After incubation, fungal cells were used for observation with a laserscanning confocal microscope (LSM4 10, Zeiss) or lipid analysis.
Results
We investigated the effect of incubation temperature on fluorescent-lipid incorporation into lipid bodies in this fungus. Lowering incubation temperature decreased C,-DMB-PA incorporation into lipid bodies, although no organelles other than lipid bodies were prominently labelled by fluorescence. This indicates that C,-DMB-PA did not accumulate at sites other than lipid bodies after uptake into fungal cells at lower temperatures. Lowering incubation temperature below 15 "C completely blocked C,-DMB-PC incorporation into lipid bodies and accumulated fluorescence in intracellular membranes, presumably endoplasmic reticulum.
Taking advantage of the low-temperature block of C,-DMB-PC from intracellular membranes into lipid bodies, we set up pulse-chase experiments in which fungal cells were pulseincubated with C,-DMB-PC at 15 "C, washed and chased at 15 or 30 "C. After pulse-incubation at 15 "C, fluorescence was incorporated into intracellular membranes but not into lipid bodies. After a chase at 30 "C, lipid bodies were gradually labelled, whereas lipid bodies remained unlabelled after a chase at 15 "C. This clearly indicated temperature-dependent transport of C,-DMB-PC and its derivatives from intracellular membranes into lipid bodies. C,-DMB-PC was metabolized into diacylglycerol, PA and T A G during its transport from intracellular membranes into lipid bodies under the pulse-chase conditions. Further experiments using several drugs suggested that C,-DMB-PC transport was ATPdependent, but microtubules and actin filaments were not substantially involved in C,-DMB-PC transport.
We verified the existence of PC transport from intracellular membranes into lipid bodies depicted by C,-DMB-PC using radiolabelled lipids. Fungal cells were pulse-labelled with [14C]oleic acid, ['4C]linoleic acid and ['4C]glycerol, and then washed and chased under the same conditions as C,-DMB-PC incorporation. These radiolabelled lipid precursors were incorporated into phospholipids and TAG, and the amounts of 14C in these lipids under the pulsechase conditions were measured. Results indicate that 14C-PC accumulated and 14C-TAG decreased at 15 "C compared with the 30 "C pulse, and that 14C-PC decreased and concomitantly I4C-TAG increased after 30 "C chase incubation, which was consistent with the metabolism of C,-DMB-PC under the same culture conditions. Although the basic metabolism was similar, several differences were found due to [14C]fatty acid; PC labelled by ['4C]linoleic acid accumulated much more after 15 "C pulse-incubation than PC labelled by [14C]oleic acid. These observations indicate that the mechanism operating under pulse-chase conditions preferentially metabolized particular molecular species of PC containing linoleic acid.
Discussion
The present study dissected intracellular transport of PA and PC into lipid bodies in an oleaginous fungus, M. ramanniana var. angulispora. Intracellular lipid transport probed by C,-DMB-PA was not completely blocked by low temperature. Since no apparent fluorescence accumulated within fungal cells at low temperatures, it is likely that decreased labelling of lipid bodies at low temperatures was not due to PA transport into lipid bodies, but to reduced uptake of C,-DMB-PA through cell walls. T h e temperature dependence suggests that PA is transported to lipid bodies by a PA-specific protein-facilitated mechanism, but not by vesicular transport. Lowtemperature-resistant C,-DMB-PC transport into intracellular membranes, presumably endoplasmic reticulum, was also observed, which may be catalysed by another protein-facilitated mechanism. C,-DMB-PC transported to intracellular membranes was then transported to lipid bodies, indicating that exogenous PC transport into lipid bodies was at least divided into two steps. The second step into lipid bodies was more clearly characterized using the pulse-chase experiments. It is temperature-and ATP-dependent, consistent with vesicular transport, although it was slower than protein secretory transport. PC transport by T h e lipid transport into lipid bodies in this fungus may share some important characteristics with oil-body formation in plant seeds [7] . C,-DMB-PC transport into lipid bodies in this fungus represents a remodelling pathway for T A G biosynthesis, which may be similar to channelling of PC containing polyunsaturated fatty acids to T A G in plants [8] . C,-DMB-PA transport into lipid bodies is assumed to be involved in de novo T A G biosynthesis. Thus, lipid-transport systems are important regulatory factors for T A G assembly in addition to enzymes involved in T A G biosynthesis. Fluorescent lipid analogues provide useful tools to evaluate lipid-transport systems for T A G assembly. Identification and characterization of proteins involved in the lipid transport depicted by these fluorescent lipid analogues will be very helpful in understanding lipid-body formation.
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